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DESORPTION I N  VACUUM 

A . Schramtt 

A general survey i s  given of our present 

NASA TT F-9332 

-wij:;Lfil 

knowledge in t h i s  

f i e ld .  

su l t s  and t h e  theo re t i ca l  explanations put forward by t h e  

d i f fe ren t  authors are pointed out. The complexity of t he  

phenomenon is. emphasized and the  r e l a t ive  importance of 

t h e  d i f fe ren t  elementary process i s  discussed. A l imited 

choice of research is  proposed f o r  desorption i n  vacuum. 

Theoretical calculation based on simplified models i s  

compared with some experimental results. It i s  s t ipulated 

tha t  t h e  t r u e  surface area must be known; a simple experi- 

mental method f o r  measuring this surface i s  described. The 

experimental curves of desorption a r e  discussed taking ac- 

count of preliminary r e su l t s  of t r u e  surface area measure- 

ments. 

surface a r e  proved t o  yield t h e  most important part of t h e  

t o t a l  desorption rate .  

systems i n  ul t rahigh vacuum techniques seems more l i ke ly  t o  

Important discrepancies between t h e  experimental re- 

I n  unbaked systems t h e  absorbed gas layers  a t  t h e  

The residual  desorption of baked 

be a bulk (diffusion, permeation) ra ther  than a surface 

phenomenon. 

omegatron i s  recomended. 

Analysis by mass spectrometers such as the  

- I  
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INTRODUCTION 

The k ine t i c  theory of gases places a theo re t i ca l  limit on t h e  maximUm pump 

To obtain a vacuum a s  low delivery t h a t  can be real ized f o r  a given enclosure. 

a s  le7 t o r r ,  it i s  necessary t o  reduce t h e  desorption r a t e  of t h e  mater ia ls  

used. 

f ec t ive  method but often d i f f i c u l t  t o  apply in l a rge  and highly complex units.  

Therefore, it i s  of importance t o  be thoroughly familiar with the  mechanism of 

vacuum desorption or, more generally, with t h e  in te rac t ions  between gas and 

so l id  along t h e i r  interfaces  a t  low pressure, i f  a more r a t iona l  means of con- 

t r o l  i s  t o  be discovered. 

Baking, which i s  the  c l a s s i c a l  process in tube making, i s  a highly ef- 

This par t icu lar  report has t h e  purpose of making a h u a l i t a t i v e  and quanti- 

t a t i v e  analysis  of t he  experimental data on desorption a t  ambient temperatureA/ 

which data a r e  beginning t o  be available i n  a r e l a t ive ly  la rge  volume. 

this, we start from some ra ther  simple hypotheses on t h e  elanentary mechanisms 

and the  binding energies of adsorbate-adsorbent. The t o t a l  amount of desorbed 

gas, experimentally determined and calculated, i s  such that a re idslon of t h e  

concept of llsurfacelt becomes necessary. 

give several  preliminary r e s u l t s  on specific surface, and ind ica te  research 

trends. 

i s t ! ics  a r e  of importance f o r  understanding the  nature and magnitude of t he  bind- 

ing forces  between sol id  and adsorbed gases; this const i tutes  s t i l l  another re- 

search direction. 

I n  addition, the  necessity of developing high-precision methods f o r  measuring 

and analyzing extremely low desorption r a t e s  will be explained. 

For 

We w i l l  describe some surface models, 

Next t o  knowing t h e  geometry of the surface, i t s  physical character- 

The importance of diffusion and permeation w i l l  be discussed, 
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1. Measuring the  Desorption Rate 

A number of vacuum spec ia l i s t s  have measured the  desorption r a t e  of vari-  

ous mater ia ls  used i n  vacuum technology; we c i t e  par t icu lar ly  Dayton (Bib1.1, 

2 9 ,  3 )  Blears (Biblob), Jaeckel and Schittko (Bibl.5), Santeler (Bibl.6), 

Power and Crawley (Bibl. 7 ) ,  Henry (Biblo€?),  Geller (BibLq),  and Boulassier 

(Bibl.10). Recently, Dayton (Bibl.3) made a survey of t he  present knowledge 

within this f ie ld .  He proposed a theore t ica l  in te rpre ta t ion  of t he  t e s t  re- 

su l t s ,  with special  emphasis on t h e  diffusion of gas in the scl id  toward the  

vacuum end. 

i s  involved here. 

function of the  pumping time, frequently show widely d i f fe r ing  slopes f o r  one 

and the  same material. 

involved, with slopes varying between -0.5 and -2. It i s  wel l  possible that 

the  experimental techniques and the  preparation of the  specimens ( a s  well as 

t h e  composition and const i tut ion of the mater ia l )  a r e  responsible f o r  some of 

t he  deviations. 

of pumping from the  vesse l  containing t h e  specimen across a weak conductance of 

known value; however, we made continuous comparisons with an iden t i ca l  evacu- 

a ted  vessel, thus eliminating the influence of desorption of t he  vesse l  t o  the  

grea tes t  possible extent. 

Krauss (Bibl.11) believed that pr incipal ly  a surface phenomenon Lfi6 
The experimental curves of t h e  desorption r a t e ,  plot ted a s  a 

I n  general, s t ra ight  l i n e s  in log-log presentation a r e  

We conducted several experiments, us- t h e  c ~ i w s i k ~ m $ L  methcd 

Figure 1 shows t h e  experimental device. 

A l l  j o i n t s  a r e  of metal and a freeze t r a p  e l h i n a t e s  the  influence of o i l  

vapors. 

The desorption per CII? of the  specimen i s  equal t o  

C 
A 

U 

0 = - (Pl - ps) 
I . - -  
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where 

q = desorption ra te ,  in 1 torr/sec a@ (or  in part ic les /sec a$) 

C = conductance of t he  or i f ice ,  i n  l / sec  (o r  i n  par t ic les /sec)  

A = surface of t he  specimen, i n  d. 

Manometer1 n n Manometer 2 

L-4 F R E E Z E  T R A P  

Valve 
6 I 

PUMPING UNIT 
I 

Fig.1 Measuring t h e  Desorption Rate 

C 
= ;1 (PI - p2) P Ki 

1 1 I AK ' - 
dq K -- - - 
q Ai - (PI - p2) - 

The measurements a r e  exceuenuy r t = p - u U u C ; L U ~ V .  y s t e m t i c  error ,  due t o  

the  difference in desorption from t h e  two vacuum b e l l  jars, i s  equal t o  

do A K I K  
o A i l i  

where A K  denotes a difference of t he  manometer constants equivalent t o  t h e  dif- 

-=-  

ference of the  desorption curves q = f ( t )  of t h e  two  vacuum ja r s :  

and 

i = p i / K  
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T h i s  e r ro r  does not influence t h e  slope of t he  curves; t h e  conductance of 

t h e  or i f ice  i s  of t h e  order of l l / s e c  and the  surface of t h e  specimens of t he  

order of 103 cm3. 

cleaaed with e thyl  alcohol, 

The specimens a r e  degreased with tr ichloroethylene and 

Figures 2 and 3 show several  curves f o r  metals and 

nonmetals . 

I 

Fig.2 

Figures 4 ,  5, and 6 give the  desorption r a t e s  and t h e  slopes of t he  q = & 

= f ( t )  curves after 1 hr, 10 hrs, 25 hrs, and 50 hrs of pumping, f o r  d i f fe ren t  

materials.  

After 10-hr pumping, t h e  slope i s  s t i l l  between -0.4 and -2 and, specif- 

i c a l l y ,  t h e  metals ramin i n  t h e  v i c in i ty  of -1 and, rarely,  near -0.75. 

2, Various Elmentary Mechanisms 

Desorption in vacuum i s  a highly complex phenomenon. The elementary mech- 
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anims t o  be considered are t h e  following: 

Adsorption 

Adsorption can be e i the r  p h p i c a l  (we a r e  thinking spec i f ica l ly  of capil- 

In  the former case, t h e  energies involved a r e  lary condensation) o r  chemical. 

Fig.3 

extremely low and we agree with Dayton that they can be neglected since, theo- 

r e t i c a l l y ,  a few minutes of pumping a r e  suf f ic ien t  t o  eliminate any t r ace  of 

physical  adsorption of the  usual gases. 

(slow adsorption) o r  nonactivated (rapid adsorption) and can take place a f t e r  a 

preliminary dissociat ion of t he  molecule o r  else direct ly .  Chmisorption never 

extends f a r t h e r  than one monomolecular layer. 

C h d c a l  adsorption can be act ivated 
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Absorption 

Adsorbed pa r t i c l e s  are able t o  go in solution w i t &  t h e  so l id  by diffu- 

sion. 

ambient temperature i s  involved, 

For this, an ac t iva t ion  energy is  necessary, Le . ,  a slow phenomenon a t  

Surface Desorption 

This phenomenon i s  the  opposite of adsorption and requires  an act ivat ion 

energy equal t o  the  sum of t h e  binding energy and t h e  ac t iva t ion  energy of ad- 

sorption. The binding energy i s  not necessarily constant over t h e  e n t i r e  sur- 

face,  e i the r  because of heterogeneity of t h e  surfaces or, which i s  more prob- 

able ,  because of in te rac t ion  between the adsorbed par t ic les .  

Diffusion 

At t h e  i n t e r i o r  of the  solid,  the gas may diffuse toward t h e  surface be- 

cause of t he  concentration gradient and because of having acquired t h e  neces- 

sary ac t iva t ion  energy, 

so l id  o r  else a diffusion along t h e  grains i n  t h e  fissures and pores may be in- 

volved. The concentrations and, specif ical ly ,  t h e  ac t iva t ion  energies W i l l  

di f fe r  widely. 

Here, a diffusion througn the  ciystals consti+,.ttLni t h e  

Permeat ion 

Gas i s  able  t o  permeate t h e  walls of a vacuum enclosure by adsorption on 

the  exbernal surface, followed by diffusion, generally a f t e r  preliminary disso- 

c ia t ion,  
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3 .  Kinetics of t h e  Elementary Mechanisms 

Chemical Adsorption 

I n  the  terminology of Trapnell 

pressed by 

IL - d n  - = a3 (p)f(O) e ” T  
d t  

(Bibl.l2), t he  chemical adsorption is ex- 

without dissociat ion:  f(0) = 1 - 0  I 
with dissociat ion:  

(or one molecule adsorbed on two s i t e s )  

z s ta t ionary  layers  
f (0) = ZO (1 - OF : 

L f o r  Ior . we have * 

Here, V i s  t h e  in te rac t ion  energy between adjacent pa r t i c l e s ,  while Z denotes & 
t he  number of d i r e c t l y  adjacent s i t e s .  

probabi l i ty)  is  defined as 

The probabi l i ty  of adsorption (s t icking 

r:. 

It was found tha t  s is constant f o r  0 between 0 and about 0.3. Probably, a phys- 

i c a l  adsorption on already chemisorbed pa r t i c l e s  is involved here,  followed by 

a supe r f i c i a l  d i f fus ion  toward sites f r e e  f o r  chemisorption. 

0 < 0 -c 0.3, t h e  above expressions f ( 0 )  a r e  not always val id .  

Consequently, f o r  

When t h e  pressure of t h e  ambient gas is very low and when t h e  surface i s  

already extensively coated, f ( 0 )  and a(p) w i l l  a l s o  have very low values so  

9 



dn that, spec i f i ca l ly  i f  the  adsorption is preceded by a dissociat ion,  - becomes 
d t  

negligible.  

Chemical Desorption 

slope 

I n  general, E is not constant but is  a function of 8 (or of n) . 
calls, we will study here the  case of E = & - d3, which w i l l  lead t o  t h e  Temkin 

S p c i f i -  

I I 
10'0 ,-' 

ope 
1010 ,-1 I 

slope 
ern-* em-2 

~~ 

MATERIAL 

0.9 1 57 0.9 Gallon 
Perbunan 
Mol ybd. gl a s s  
P y r e x  g l a s s  
Pyrex  g l a s s  

Araldite 
Terephenyl 
Viton A 
Viton A 

1 37 0.9 

II 10 hours 11 25 hours I t  il 50 hours 11 I hour 

o.6 1.1 li 
1.7 I) 
0.8 11 700 
0.7 

0.8 
0.5 I 330 015 / '  204 0.5 

'l:; I/ !r I 'l:: // 7 I ::: 
Fig.6 Experimental Desorption Constants 

isotherm if it is  assumed that 

]-e.: 25 log c,, 
i 10s (t- I )  

where j = 2 o r  1, depending on whether t h e r e  is  a d issoc ia t ion  o r  not. 

We w i l l  d iscuss  here t h e  physical reasons f o r  t h i s  l i n e a r  dependence of E 

It may w e l l  be possible t h a t  heterogeneity of t h e  surface,  i n t e rac t ion  on 9. 

between pa r t i c l e s ,  o r  g a s  mixtures a t  d i f f e ren t  & are involved; however, t h i s  

is of no importance f o r  the reasons given below. 
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If, f o r  adsorption, t h e  constant 0 ac tua l ly  i s  a constant independent of n, 

t he  value of K ( o r  of A )  is  even mre disputable.  

K t o  be constant. 

I n  t h e  following, we assume 

If the  pa r t i c l e s  are adsorbed without previous dissociat ion,  we have 

I j ’  (0) = 0 .  

I n  the  

I n  the  

Wigner 

I opposite case, we have f’(0) = 02 , 

case of physisorption o r  chemisorption without dissociat ion,  t h e  Polanyi- 

equation w i l l  permit an  in te res t ing  iden t i f i ca t ion  of K: 

and thus K = an, 

Here, a has the  dimension of t h e  inverse of a time of t h e  order of the  vi-  

b ra t ion  period of t he  pa r t i c l e s ,  vertically t o  the  surface 

I 
/60 This represents  the  s t ick ing  time 7. 

Above, 70 is  of t h e  order of lo-” sec  so t h a t ,  i n  t h i s  case, we can a t t r i -  

Assuming that one monomolecular bute a value of la“” par t ic les /sec cm” t o  K. 

layer is  composed of Id“ particles/m’, by using known values of t h e  physi- 

sorp t ion  f o r  E (up t o  about 10 kcal/mole), it seems that t h e  s t ick ing  time is 

extremely shor t  and, consequently, the desorption i s  extremely rapid.  
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5. Remarks 

dn 
d t  

I n  t h e  remainder of our discussion, - w i l l  denote the  var ia t ion  i n  t h e  

number of pa r t i c l e s  per  t rue unit surface,  i .e.,  t h e  experimentally measured 

rate of desorption, which we will also denote by q i f  t h e  true surface is  equal 

t o  t h e  apparent geometric surface. Consequently, t h e i r  value will be negative. 

Diffusion 

The two Fick laws permit calculating the  gas flux d i f fus ing  per sec/cm2 of 

surface : 

where C denotes the  concentration, D the  diffusion constant, and Q t h e  act iva-  

t i o n  energy. 

Depending on t h e  boundary conditions, d i f f e ren t  so lu t ions  will be obtained. 

1 - Assuming a semi-infinite solid:  

t h e  so lu t ion  will be 

from which it follows that t h e  amount of gas t ransferred by diffusion t o  t h e  

solid-gas in te r face  f o r  x = 0, per unit  surface and u n i t  time, will be 

- 1  
log (- 9)  = log [Y JR3 - 2 loaf j 

~ 

12 



2 - Assuming that t h e  so l id  i s  limited by two parallel planes (layers of 

a thickness 1) 
c (0, x) = co 

t h e  solut ion w i l l  be 
W 

c - FC2zl I 
sin (2n + I ) x x  

8 .  fl-0 2 .  

exp [ - D(2  n + 1 ) 2 ~ 2  t ]  
12 

(73 

and if  the calculat ion is  l imited t o  the  first 

term of t h e  sum. 

It is  easy t o  demonstrate t h a t  th i s  l a t te r  solut ion f o r  q can a l so  be 

wri t ten under the farin o f  the first.  snliut.inn ( l i nea r  l a w  with t h e  slope -1/2 i n  

log-log coordinates) if 4 becomes greater than ,,/I??. 

gen, D i s  of t he  order of lo-* t o  10-l' cm2/sec i n  conventional metals and even 

This condition ( f o r  hydro- 

much lower f o r  t he  other  gases) w i l l  almost always be s a t i s f i e d  f o r  normal 

values of D and f o r  times t h a t  a r e  not too shor t .  Then, it can be s t a t ed  t h a t  

f r o m  4 = 0.01 cm, the  so lu t ion  f o r  the semi-infinite so l id  will remain val id .  

A t  t h e  beginning of desorption, a th in  layer  underneath the  surface,  specif i -  

c a l l y  if the  concentration the re  is  high and t h e  diffusion coef f ic ien t  re la t ive-  

ly l a rge ,  m y  lead t o  a diffusion with a n  exponential decrease i n  q. 

Permeat ion  

Permeation i s  defined as 

i n  t h e  s t a t iona ry  regime where - is t h e  concentration gradient which is 
ax 



assumed as constant between the  two surfaces. Because of t he  exponential de- 

pendence of D on the  temperature, w e  can write 

v -- P = Po e I ( =  

Prac t ica l ly ,  t h e  same ac t iva t ion  energy that prevai ls  i n  d i f fus ion  i s  involved 

here. I n  fact ,  permeation i s  a much mre complex phenomenon s ince  the  surface 

phenomena such as adsorption, dissociation, and absorption may play a pre- 

dominant role .  

(generally,  a function increasing w i t h  t h e  temperature), led Richardson t o  de- 

/61 
The s o l u b i l i t y  of t he  gas, as a function of t h e  temperature 

r ive  the  following formula: 

I h 
P = - d p T  e T 

k - _- 
1 

%here t denotes t h e  thickness of the  wall, k i s  a constant, p is t h e  pressure 

( i n  the  general  case i n  which t h e  molecules are f i r s t  dissociated before being 

absorbed), and b is an ac t iva t ion  energy. 

It is thus obvious t h a t  the  s t a t e  of t h e  external surface,  where t h e  gas 

enters ,  w i l l  frequently be determining f o r  t he  permeation. 

Exmessions f o r  a = f(t)  

dn 
d t  

W e  w i l l  derive below expressions q = - = f ( t )  f o r  various cases t h a t  

m y  be encountered. 

The bas ic  hypotheses are extremely simple: 

K ( o r  A) i n  t h e  expression f o r  the  supe r f i c i a l  desorption is  constant. 

Only one gas is  involved. 

The temperature is  constant (ambient temperature). 

No hypothesis will be made as yet on t h e  concept of surface.  



F i r s t  Case: 

t o  zero). 

Negligible adsorption above ambient pressure (p  p rac t i ca l ly  equal 

1.1 Without Dissociation 

For example the  case of CO. 

1.1.1 E = constant 

o r  

Integrat ion i s  d i r e c t  

1 1 
log (- q )  = log (- 90) e & qn (I - tu) I ( 9 )  

Consequently, q = f ( t )  i s  a s t r a i g h t  l i n e  i n  semilogarithmic coordinates w i t h  

90 where n, i s  the  saturat ion concentration per cm’ of surface.  a slope - 1 
It 

n 1.1.2 E = & - CY - (Temkin isotherm) 
n, 

- ( E , - z  !.. . - 1 
It T A n c  

d n  
Ti=- 

Deriving with respect t o  t and eliminating A,  we obtain 

I 
After f inding simple solut ions f o r  t h i s  d i f f e r e n t i a l  equation, two extreme 

I cases can be considered: 

1.1.2.1 n 

i.e., n i s  very large,  of t he  order of magnitude of n, , o r  (and) cy i s  large,  of 

t h e  order  of magnitude of 10 kcal/mole o r  more ( t h i s  reduces t o  considering n 

15 



constant i n  the  nonexpnent ia l  term). 

The solut ion then becomes very simple 

d n  

( i t  should be noted here t h a t  q and Q a r e  negative). 

Since @so here i s  roughly of the order  of  1, we can s implify f o r  t > 

> 100 sec: 1 

I n  t h i s  case, q = f ( t )  is a s t r a igh t  l i n e  i n  log-log coordinates with a 

s lope of -1. Frequently, t h e  m e t a l  surfaces obey t h i s  l a w  of desorption, even 

up t o  100 hrs  of  pumping. 

- Q B m u s t  be taken in to  consideration: ' 

Below, we will demonstrate t h a t  then the  condition 
1 
n 

1.1.2.2 

This appl ies  i f  n i s  small, or  cy is small, o r  n and cy are small. 

The d i f f e r e n t i a l  equation is the same as that given f o r  E = &,  i .e . ,  

1.2 With Dissociation 

1.2.1 E = constant 
L 

/62 
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The in tegra t ion  i s  d i r e c t  

o r ,  f o r  a su f f i c i en t ly  la rge  t , 

log (- 4) = log (- G) - 2 log (I  - to) 
PO 

i.e., q = f ( t ) ,  i n  log-log coordinates, becomes a s t r a i g h t  l i n e  a t  a slope 

of -2. 

n 1.2.2 E = - Y - (T emkin is ot. he rm 
n, 

bik i - ( iio--o !, 
A n2 e _ -  _ -  dn 

d t .  

Again, we w i l l  d i f f e ren t i a t e  between two extreme cases which y ie ld  the  

same so lu t ion  as i n  the  case without dissociation. 

1.2.2.1 2 -<? n 

d n  

and, f o r  a su f f i c i en t ly  la rge  t ,  

log (- q) = - log - log (I - Io) 

17 



2.2.2 2 -3 9 n 

This condition i s  physically equivalent t o  a constant energy E, i.e., 

Second Case: General Case. 

The measured desorption is  lower than t h e  t r u e  desorption i n  view of t h e  

f a c t  t h a t  also a re-adsorption occurs above t h e  pressure of t h e  ambient gas i n  

the  experimental enclosure. 

I 1. € = E o  

WithoEt Dissociation 

t h e  following solut ion i s  immediately obtained: 

d n 
_I - - ns (B + Cp) exp [-(B + Cp) ( I  - I O ) ]  
d t  

109 (- q )  == log [(B + Cp) na 1 - (B -+ Cp) ( I  - - to) 

i.e., a s t r a igh t  l i ne  i n  semilogarithmic coordinates with a slope t h a t  in-  

creases i n  absolute value with t h e  pressure. It i s  obvious that p = 0 gives 

t h e  same solut ion as eq.(9). 

with Dissociation 

which is a d i f f i c u l t  d i f f e r e n t i a l  equation. However, i f  n d i f f e r s  l i t t l e  /63 
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from n, and if p i s  low, the  adsorption term m y  be more readi ly  neglected than. 

i n  the  case without dissociat ion.  

2. E = Eo -a!- n 
nI 

2.1 Without Dissociation 

n 

n' 
If & i s  replaced by & - CY - i n  eq.(l9) and if we derive toward t by 

eliminating A ,  

Only the  

if p is  small: 

the  following is obtained : 

2 S-(i+ 8) ($) 

1 
n 

extreme case - 8 yields  a d i r ec t  integrat ion:  

d n  

s ($)o - [ B  (") - CP] (I - lo )  
rt = 

d 1, 0 

For s u f f i c i e n t l y  long times, we can write 

or 

dn 1 
d-f = - 

I 

I 

1 

I 
~ 

i 

log (- q)  - log [ :z - 3 - - 10s (I -tu) ; 
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See.,  t h i s  again yields  a s t r a i g h t  l i ne  with a s lope of -1, i n  log-log coordi- 

nates. I 

2.2 With Dissociation 

The d i f f e r e n t i a l  equation analogous t o  eq. (22) then becomes 

Let us again d i f f e ren t i a t e  t w o  extreme cases: l 

a 

I Pnysically, t n i s  Eeans that we are a t  the beglming of desorFt ign ,  i.e. , 
n, - n, which goes back t o  t h e  d i f f e r e n t i a l  equation without adsorption: 

- 

d2 n 

I 

with t h e  same solut ion as that of eq.(13), i.e., a s t r a i g h t  l i n e  with a slope 

of  -1, i n  log-log coordinates. 

1 , 
~ ,. 

2.2.2 

I 

Fion of eq. (20) (without dissociat ion)  

This corresponds physically t o  t h e  case E = , leading back t o  t h e  solu- 

I 

’ 6. 
~ 

pression f o r  t h e  t o t a l  amunt desorbed between 

Tota l  Amount of Desorbed Gas 
, I  

- 

For t h e  various forms of t he  functions q, it is  possible t o  f ind  an  ex- 
1 1  

and t by simple integrat ion.  
5 1  
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The form q = a dYt yields  

The form q = t b gives 

Figures 7 and 8 represent a compilation of t h e  various l a w s  q = f ( t )  i n  &4 
I 

) I 
~ 

accordance with the  extremely simple hypotheses adopted here. 
I 

7 Discussion 

Exprimental ly ,  metal l ic  surfaces i n  mst cases desorb i n  accordance with 

a l a w  approximately i n  l/t. The last Table (Fig.10) indicates that t h e  phe- , 
n I  nomenon can possibly be described by a Ternkin isotherm, i.e., E = & - CY - 
ns 

provided t h a t  t h e  concentration of par t ic les  adsorbed on t h e  surface does not 

d i f f e r  too  much from t h e  sa tura t ion  ns and t h a t  CY i s  r e l a t i v e l y  large,  of t h e  

Y 
. 

1 

1 

order  of lo' cal/mole o r  more. This also holds f o r  molecules t h a t  are first 
i 

d issociated as w e l l  as f o r  t h e  o ther  molecules and even f o r  t h e  case that a n  I , 

I I 

~ 

, hdsorption takes place, under the condition that t h e  pressure remains very low., 

etc. general ly  desorb i n  accordance with a l a w  near 1/& I n  t h a t  case, d i f fu - /  

s ion  is def in i te ly  t h e  predominant phenomenon. 1 
I 
I 

case of Viton A f o r  which we have plotted a curve i n  l/& before thermal 
1 

[ '  Fi r s t ,  we obtained a diffusion of the gas i n  solut ion,  which was l a rge ly  elimi-i 
! 

P l a s t i c  materials such as a ra ld i t e s ,  various types of synthet ic  rubber, 
I 

' I  

I 

~ 

Let us mention the  spec i f i c  
, 

I I 

~ 

Freatment i n  vacuum and a curve i n  l/t severa l  hours after t h i s  treatment: I 
I , 

i l  
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nated by t h e  treatment, followed by surface desorption. It is a l so  of i n t e r e s t  

t h a t  various types of transparent p las t ics  (pyrex and molybdenum glass) desorb 

\vi thou t a d s o r p t i o n  -- - 

€ = €0 

I 

Without D i s s o c i a t i o n  

log (- 4 )  - log 3 -. log ( I  - f0) 

1 

1 
- %  9 
n 

W i t h  D i s s o c i a t i o n  

I 
g t - t .  = na [ I  - 

oo 
na ] - - ( I  - I o )  

loa (- 0 )  = - log 9 - log ( I  - Io)  

109 (- e) = log[G] - 2 log (+Io: 

s o l u t i o n  without adsorpt ion : 
log (- q) = - log 9 - log ( I  - -10) 

€ = -  Eo 

Fig.7 Desorption a t  Constant K (or  A )  

i n  accordance with l/t a t  ambient temperature, which apparently eliminates 

t h e  diffusion.  

log-log coordinates, a slope of t h e  order of (-2) while o ther  curves approach 

a s t r a i g h t  l i n e  i n  semilogarithmic coordinates. 

/65 
Certain curves f o r  metals published by B l e a r s  (Bibl.4) show, i n  

According t o  Fig.10, it seems 
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that the  former m y  be explained by a desorption of pa r t i c l e s  dissociated on 

the  surface with a constant binding energy o r  with a binding energy decreasing 

4 
13 
12 

11 

10 
9 

8 
7 

I I I 1 
0 1 2 log, t (burs) 

Fig.8 Curves q = f ( t )  

I 
1) q-- Diffusion. 

tqa 
< t l  n 

Without adsorption. E = I& - cy - and - 
n, n 

With o r  without dissociation. 

1 
2) q - t  

n 1 
na n With adsorption E = &, - cy - and - 4 i3 

With dissociat ion.  

Without dissociat ion i f  p is small. 

Without adsorption. With d issoc ia t ion  E = &, 1 

n 1 
n, n 

E = &  - a -  and-  9 B  

4)  q -  e-.' Without adsorption, without d i ssoc ia t ion  E = &, 

n 1 
n' n 

E = &  - a -  and - 

With adsorption, without 

5 h = Q  Permeation i n  s ta t ionary  

d issoc ia t ion  E = & 

regime. 

l i n e a r l y  with t h e  r a t e  of deposition (Temkin) but a t  a very low concentration 

and (o r )  a negl igible  var ia t ion  i n  t h i s  energy; t h e  o the r  curves may be ex- 
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plained by a desorption of undissociated pa r t i c l e s  under t h e  same conditions. 

Although cases exist i n  which the  curves q = f ( t )  r e t a i n  a constant slope 

during a time of about 

desorption is  involved 

t i o n ,  and the  very low 

extremely d i f f i c u l t  t o  

100 hours, it is obvious that only a part of t h e  t o t a l  

here; spec i f i ca l ly  the  gas flux q,, t he  i n i t i a l  d e s o r p  

f inal  rate of desorption ( l O - ” l  to r r / sec  cma) are 

measure. It i s  impossible t o  represent a l l  phenomena of 

desorption on t h e  basis of a s ingle  isotherm. 

mediate between 0.5 and -1 o r  between -1 and -2, can be explained on the  basis 

of intermediate hypotheses (see Fig.10) and spec i f i ca l ly  on the  value of  1 

with respect t o  B = and t h e  re la t ion  between E and 0 .  I n  some cases, 

t he  slope of the  curve shows an inf lec t ion  toward values lower than -1 after  a 

f e w  tens of hours of pumping: 

An experimental slope, i n t e r -  

n 
CY 

ns rn 

Here, the  d s f u s i o n  starts playing a role .  

8 .  The Surface Fvoblems 

On in tegra t ing  the  experimental curves o r  on calculat ing the  t o t a l  desorbed 

quant i ty  according t o  a formula corresponding t o  t h e  experimental curve, values 

w i l l  be found which frequently exceed 100 times t h e  quant i ty  furnished by a 

monormlecular layer of t he  apparent geometric surface.  

It is understandable that, f o r  t h i s  reason, surface desorption was not 

believed t o  be the  pr inciplmechanism and that d i f fus ion  was held responsible 

f o r  t h e  observed desorption r a t e ,  However, it seems much m r e  log ica l  - i n  

accordance with our  above statements - t o  assume t h a t  surface desorption con- 

s t i t u t e s  t h e  main mechanism and t o  expand the  surface concept. 

t h e  true surface t o  t h e  apparent geometric surface f ,  which may be denoted as 

t h e  spec i f i c  surface, therefore  must be ab le  t o  exceed 100 or ,  which comes t o  

t h e  same, n, m u s t  be able  t o  exceed 1017 pa r t i c l e s  per cm” of apparent surface. 

The r a t i o  of 

uc 



I n  t h i s  case, a t  a f of several  t ens ,  the hypothesis of t h e  Temkin isotherm 

(E = & - a - ) and an  evaluation of t h e  quantity Q , w i l l  permit t o  use the  

experimental metal curves of -1 slope f o r  calculat ing a n  CY of the  order  of 

n 
Ilr 

10 - 20 kcal/mole and a E, of t h e  order of 50 kcal/mole. These f igures  seem 

"External "Surfucc 

Fig.9 Surfaces 

quite reasonable i n  accordance with our present knowledge on chemisorption 

(Beeck, Becker, Roberts, e tc . ;  Bibl.13, 14, 15) .  

A determination of Q presupposes that it i s  possible t o  evaluate t h e  

in s t an t  a t  which the  physical desorption is  terminated and the  desorption of t h e  

chemisorbed monomlecular layer begins. 

but ,  i f  t h e  lower l i m i t  of t h e  chemisorption i s  f ixed near 5 kcal/mole, a time 

of the  order  of 15 - 20 rrin w i l l  be found. 

This d i s t inc t ion  is  highly schematic 

This hypothesis a l so  y ie lds  an  explanation f o r  the  f a c t  that t h e  slope -1, 

i n  log-log coordinates, remains constant up t o  several hours of pumping because 

of t he  f a c t  

s a t i s f i e d  . 
1 

t h a t  n remains re la t ive ly  high and t h e  condition - Q B remains n 

Prac t ica l  experience also shows that, a f t e r  baking, t he re  is s t i l l  
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a large amount of gas present which escapes as soon as the  temperature i s  in- 

creased s l i g h t l y  above the  bake-out temperature. An adsorption occurring a t  

atmospheric pressure on the  baked walls, i f  of not too long a durat ion,  w i l l  

result only i n  a minor change i n  t h e  conditions obtained by the  baking, and 

t h e  arnount adsorbed a t  a lower pressure appears qu i te  negl igible ,  which becomes 

& 

n 
5 

understandable when assuming that, even af ter  baking, n (where 9 = - ), re- 

mains relatively large and is  consti tuted of pa r t i c l e s  that are s t rongly bonded 

t o  the  so l id  (E - &)  . 
Several surface models can be k g i n e d  (Fig.9). 

a )  External  Surface without Pores o r  Cracks 

I n  t h i s  case, it is d i f f i c u l t  to conceive a very la rge  spec i f i c  surface. 

I n  f a c t ,  i f  t h e  roughnesses are compared t o  square pyramids with a s l a n t  height 

equal t o  70% of the  base, the  value of f w i l l  become 1.4. Taking the  micro- 

roughnesses f = (1.4)' i n to  consideration i n  the  same manner, where n is the  

number of these superposed pyramids, the  mximum conceivable f o r  a macroscopi- 

ca l ly  plane surface apparently w i l l  be n = 4, i .e , f, 
of 4. The exbernal surface,  consequently, cannot be much l a rge r  than 4 - 5 

times t h e  apparent geometric surface. 

w i l l  be of t he  order 

b) In t e rna l  Surface 

The concept %wrfacew can be extended t o  a very s l i g h t  depth below the  

geometric surface,  taking in to  consideration t h e  in t e rna l  surface which con- 

sists of the  t o t a l  surface of p r e s  and crazings (or  of grains) i n  t h i s  layer.  

A s  a p rac t i ca l  ewmple, we suggest two models based on t h i s  concept: 

1) A s ingle  layer  of grains resembling parallelepipeds of D x D base 
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dimensions and of a height d ,  adjoining a spec i f i c  surface: 

10-5 

d 1-k I + 4 -  D i  

As an example, f o r  

d = cmandD = I t 5  cm we have f -  40 

I 1.7 I 16 I 160 - 

I I I I 10-4 1 1.04 I 1.4 I 5 i 40 I1 

5.10-6 

10-6 

I I I 

10-3 I 1.4 1 5  ( 4 0  im  1 1  

8 80 
1.6 16 

- - 
- - 

I I ‘ I  
2) Several  layers  of spher ica l  grains, having a radius of r and a thick- 

ness of d: 

As a n  example, f o r  

2 r  

i we have 
d = I t 5  cmand r = IO--’ cm 

- _ _ i  .11. .I 
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as ide  from the  existence of t h i s  almost amorphous layer, t h e  metals conven- 

t i ona l ly  used i n  vacuum technology a r e  composed of c r y s t a l l i t e s  whose dimen- 

sions vary widely according t o  t h e  treatment used but whose surfaces are coated 

D i  f f e r e n  t i a 1 
pressure page I 

Manometer. 
I 
! 

Gas reservoir 

Test  cell . Cryostat 
Comp e n m  t i on 
ccl I 

Fig.10 Measurement of a Spec i f ic  Surface 

with impuri t ies  and, spec i f ica l ly ,  with adsorbed gas.  

periments have been made (Bibl.13, &, 15, 16, 17, 18) by the  flash-filament 

technique i n  which wires o r  s t r i p s  of re f rac tory  metals such as tungsten o r  

platinum are used; t h i s  process uses surfaces consis t ing of very large grains 

o r  even of s ing le  c rys ta l s ,  obtained by vacuum-cleanup a t  very high temperature; 

thus,  it is  not surpr is ing that t h e  spec i f ic  surface i n  t h i s  case is of the  

order of magnitude of 1.5. 

films, conversely, have revealed spec i f ic  surfaces of severa l  orders of magni- 

tude, depending on the  degree of f r i t t i n g  of t h e  coating. 

Numerous p rac t i ca l  ex- 

Sorption experiments made on t h i n  vapor-deposited 

I n  t h i s  la t ter  type of experiment, it was proved t h a t  an  adsorption of 

gases on t h i s  i n t e r i o r  surface occurred, by intergranular  diffusion.  I n  the  

case of  adsorption, t h i s  d i f fus ion  may w e l l  be t h e  mechanism control l ing the  
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ra te  of adsorption. 

r e l a t ive ly  elevated ac t iva t ion  energy, t he  r a t e  of desorption - except during 

an  init ial  t r ans i to ry  period of operation - is  determined by t h e  surface de- 

sorption, provided that t h e  layer t o  be t raversed by the  pa r t i c l e s  desorbed 

f r o m  the  i n t e r i o r  surface i s  not too thick and that the  dimensions of t he  in- 

t e r s t i c e s  are very much greater than those of t h e  molecules. 

Conversely, i n  the case of desorption which requires a 

The type of d i f fus ion  discussed here and which, i n  ce r t a in  cases, m y  

control  t h e  e n t i r e  process should not be confused with d i f fus ion  properly 

speaking, i.e., with in t r ac rys t a l l i ne  diffusion;  ra ther ,  t h i s  type of d i f fus ion  

is  e i t h e r  a surface d i f fus ion  due t o  the  mobili ty of t he  adsorbed pa r t i c l e s  o r  

else a Knudsen flow with possibly multiple intergranular  adsorptions and de- 

sorptions.  The mathematical formula complex, f o r  t h i s  type of diffusion,  is 

reduced t o  t h e  same l a w  where q is inversely proportional t o  t h e  square root 

of t. 

Within t h e  scope of surface s tudies ,  we s t a r t e d  measuring some spec i f i c  

surfaces  by the  JXC method (Bibl.19, 20), adapted t o  very t h i n  surfaces  by 

using a d i f f e r e n t i a l  device which eliminates t h e  influence of t h e  test-chamber 

surfaces  (see schemt ic  sketch i n  Fig.15). 

A d i f f e r e n t i a l  diaphragm gage is  used f o r  measuring t h e  pressure difference 

produced by t h e  physical adsorption of krypton on specimens t ransfer red  f r o m  

t he  chamber VO a t  ambient texnperature in to  t h e  chamber V a t  liquid-nitrogen 

temperature. 

is t ransfer red  a t  t h e  same time in to  the  compensation chamber. 

A specimen of t h e  same volume but  having a much smaller surface 

The spec i f i c  surface f can be calculated by 
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where 

NL 

Rl 

P 

= Loschmidt number 

= surface occupied by one krypton atom 

= measured pressure difference 

= i dea l  gas constant 

= apparent geometric surface of t h e  specimen 

= volume of t h e  chamber a t  the ambient temperature 

= volume of t he  adsorption chamber a t  t h e  temperature T 

= vapor pressure of  krypton a t  t h e  temperature T 

= working pressure 

C = BET constant: e 

(El = binding ene--- -c +he f i rs t  layer  
/ - I @  r 

E2 = binding energy UI uhe I following layers ) .  

The following preliminary resul ts  were obtained f o r  some metals: 

aluminum, very t h i n  sheets ..................... f = 6 

copper, sheets of 1 m, crude .................. f = Ir, 

s t a in l e s s  steel  NS 22 S, sheets of 1 mm, crude .. f = 8 

mild steel  ( s i l i con  s t e e l )  ..................... f = 26 

aluminum, anodized (thickness of 
layer, 20 p) .................................. f = 900 

These f igures  are of a preliminary nature i n  tha t  t he  experimental device 

did not permit working under the  s t r i c t  conditions required because of the  out- 

gassing of the  specimens a t  elevated temperatures i n  ultrahigh vacuum, the  

precise  measurements of B, and the  extremely small pressure differences with 

respect t o  t h e  working pressure (Ap/p lo-"). Nevertheless, t h e  order  of mag- 

nitude of t he  f igures  obtained f o r  t h e  tes ted  metals agrees well  with t h e  order  
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of magnitude of t h e i r  desorption r a t e .  

surfaces are not extremely high, which possibly might ind ica te  t h a t  t h e  avai lable  

experimental device does not yet  permit measuring the  t o t a l  surface i n  view of 

t h e  f a c t  that the  i n t e r i o r  surface i s  p r t i a l l y  inaccessible t o  t h e  krypton 

atoms, e i t h e r  due t o  the f a c t  that these atoms a r e  t o o  large f o r  penetrating 

However, t he  values f o r  t h e  spec i f ic  

e a s i l y  through a l l  t he  i n t e r s t i c e s  and pores o r  t o  the  f a c t  that these la t te r  

remain p a r t l y  f i l l e d  with water vapor which is  converted in to  i c e  before con- 

densation of the  krypton o r  of o ther  adsorbed gases. 

Additional experiments w i l l  be run so as t o  gain b e t t e r  access t o  the  /68 
i n t e r i o r  surface.  

9. Desorption of Baked Surfaces 

The experimental curves q = f (t) are va l id  f o r  unbaked surfaces.  After 

bake-out, t h e  rate of desorption normally drops by several  orders  of  magnitude 

and i ts  measurement becomes qui te  d i f f i c u l t .  Therefore, it is not possible t o  

make any d e f i n i t e  statements as t o  t h e  slope of t h e  curves q = f ( t )  i n  t h i s  

pa r t i cu la r  case; however, it seems quite possible that t h e  slope w i l l  be much 

more shallow and de f in i t e ly  i n f e r i o r  t o  0.5 as soon as rates of the  order of 

lo7 par t ic les / sec  cm” o r  less a r e  reached (Bibl.21). 

The d i f fus ion  of gases f romthe  i n t e r i o r  of the  matter becomes prepond- 

e ran t  and, f inally,  t he  permeation of t he  e A e r i o r  w i l l  e s t ab l i sh  the  lower 

l i m i t  of t h e  desorption rate. 

It is of importance t o  take  t h e  influence of adsorption above the  residu- 

a l  pressure in to  consideration. It i s  ce r t a in  t h a t  t he  desorption is then no 

longer independent of t h e  pressure s ince the number of desorbed pa r t i c l e s  be- 

comes increasingly a funct ion of the pressure, f i n a l l y  leading t o  an equi l i -  
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brim a t  a given pressure where just as much gas i s  adsorbed as desorbed, 

before t h e  l i m i t  established by the  permeation is  reached so t h a t  no more 

e f f ec t ive  desorption can be measured a t  t h i s  par t icu lar  pressure. 

This c l ea r ly  demnst ra tes  t h e  importance of ul t rahigh vacuum techniques 

f o r  studying very low rates of desorption (of diffusion,  o r  of permeation). 

Here, measuring the  pressures and spec i f ica l ly  the  very minor pressure d i f f e r -  

ences cons t i tu tes  an  extremely d i f f i c u l t  problem. The use of high-sensi t ivi ty  

mass spectrometers becomes indispensable. 

on the  phenomenon t o  be measured becomes very d i f f i c u l t  t o  eliminate. 

The influence of t he  t e s t i n g  devices 

One of t he  most important topics f o r  fu tu re  research w i l l  be an experi- 

mental separat ion of t he  phenomena of permeation, diffusion,  and surface de- 

sorption, spec i f i ca l ly  f o r  very low overa l l  desorption rates. 

10. Conclusions 

The experimental curves of desorption under vacuum of unbaked meta l l ic  

materials can be qualitatively and quant i ta t ively explained by t h e  desorption 

of a monomolecular layer  chemisorbed from a surface which, i n  addi t ion  t o  t h e  

external geometric surface,  a l so  comprises an i n t e r i o r  surface,  using extremely 

simple hypotheses on t h e  binding energies. 

spec i f i c  surfaces apparently confirm our  in te rpre ta t ion .  

Several  tests and measurements on 

We a r e  convinced that our  r e su l t s  cons t i tu te  only a beginning and t h a t  t h e  

discussion on the  subject of desorption i s  .st i l l  wide open. 

fu ture ,  we would suggest t h e  following items f o r  fu ture  research: 

For t h e  immediate 

Spec i f ic  surface: s ize ,  geometry, adequate m d e l s  f o r  describing t h e  

sorpt ion phenomena. 

Experimental separation of diffusion and surface desorption phenomena. 
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Physico-chemical na tu re  of the sur face  ( s p e c i f i c a l l y  of oxides). 

Binding energies of adsorbate-adsorbent ( s p e c i f i c a l l y ,  H,O on meta l l id  
I 
I 

oxides). I 

Correlations between these  energies, adsorption s i t e s ,  and rate of j 
I 
I 

deposit ion.  I 

Mechanisms of d i s soc ia t ion  and a s soc ia t ion  of molecules on t h e  surfact$. 
I 

It i s  obvious t h a t ,  i n  many aspects,  t h i s  research will overlap t h e  re- , 
search on heterogeneous c a t a l y s i s  (Bibl.19, 22, 23) although t h e  f i n a l  aims 

are not always t h e  same and t h e  experimental techniques may o f t en  d i f f e r .  

I 
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